I. Introduction {#sec1}
===============

Enzymes operate at different levels of performance;^[@ref1]^ and one of the challenges for mechanistic enzymologists is to define protein architectural elements that enable enzymes to perform at the highest level.^[@ref2]^ Amyes and Richard recognized this challenge, after spending years investigating the mechanism for nonenzymatic reactions.^[@ref3],[@ref4]^ The obvious target for study was the decarboxylation reaction catalyzed by orotidine 5′-monophosphate decarboxylase (OMPDC), because the 10^23^-fold rate acceleration for this enzyme corresponds to an enormous 31 kcal/mol stabilization of the transition state for the chemically difficult decarboxylation of orotidine 5′-monophosphate (OMP) to give uridine 5′-monophosphate (UMP, [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) represented an extraordinary rate enhancement for a unimolecular reaction.^[@ref5]^

![OMDPC-Catalyzed Decarboxylation of OMP to form UMP](ar-2018-000598_0006){#sch1}

High-resolution X-ray crystal structures of OMPDC resulted in a flurry of controversy and activity, because of their failure to lead to a consensus decarboxylation reaction mechanism.^[@ref6]^ This gave rise to provocative statements. For example, it was claimed that "*This proficient enzyme jolted many biochemists' assumptions about the catalytic potential of enzymes\...*"^[@ref7]^ A second group claimed that "*the 10^23^M*^*--1*^*proficiency of ODC must arise from covalent catalysis, since only 10^11^M*^*--1*^*proficiency is possible by noncovalent binding*,"^[@ref8]^ even though there was no solid experimental evidence to support covalent catalysis by OMPDC. We eagerly joined in the quest to determine how OMPDC works, while viewing these statements with skepticism. In fact, the rate acceleration by OMPDC is only incrementally greater than that for other enzymes.^[@ref1]^ We have therefore embraced, and worked to build on, the extraordinary work of mechanistic enzymologists over the past 50 years, in defining the mechanism of action for OMPDC.

II. The Pauling Principle {#sec2}
=========================

Catalysis by OMPDC is due to stabilization of the decarboxylation transition state by interactions with the protein catalyst.^[@ref9],[@ref10]^ These must be 31 kcal/mol to account for the 10^23^-fold rate acceleration. The falloff in the second-order rate constants for OMPDC-catalyzed decarboxylation observed upon the truncation of the phosphodianion and the ribosyl phosphate from the substrate OMP, provide intrinsic binding energies of 11.8 and 10.6 kcal/mol for these substrate fragments, and of 8.6 kcal/mol for the pyrimidine ring ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}).^[@ref11],[@ref12]^

![Partitioning of the Transition State Binding Energy for Yeast OMPDC (*Sc*OMPDC)-Catalyzed Decarboxylation of OMP](ar-2018-000598_0007){#sch2}

This pedantic division of the substrate intrinsic binding energy provides limited insight into reaction mechanism, but is the first step toward the more enlightening characterization of the specificity of these substrate fragments for binding to the transition state for OMPDC-catalyzed decarboxylation. For example, phosphite dianion shows barely detectable binding to free *Sc*OMPDC (*K*~d~ \> 0.1 M). However, an analysis of strong phosphite dianion activation of *Sc*OMPDC-catalyzed decarboxylation of the truncated substrate 1-(β-[d]{.smallcaps}-erythrofuranosyl)orotic acid (EO) gives *K*~act~^‡^ = 2.2 × 10^--6^ M for dianion binding to the transition state ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, derived for [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}), where (*k*~cat~/*K*~m~)~0~ = 0.026 M^--1^ s^--1^ and (*k*~cat~/*K*~m~)~HPi~/*K*~d~ = 12 000 M^--2^ s^--1^ are the experimental rate constants for unactivated and phosphite dianion activated *Sc*OMPDC-catalyzed decarboxylation of EO.^[@ref13],[@ref14]^ These data show that 8 of the 12 kcal/mol intrinsic phosphodianion binding energy of OMP is recovered in HP~i~, as *activation* of *Sc*OMPDC for catalysis of decarboxylation of EO. The remaining 4 kcal/mol of binding energy represents the largely entropic advantage of unimolecular enzyme-catalyzed decarboxylation of the whole substrate compared with the bimolecular reaction of the substrate pieces.^[@ref15]^

![Kinetic Scheme That Describes the Activation of *Sc*OMPDC-Catalyzed Decarboxylation of EO and FEO by Phosphite Dianion ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"})](ar-2018-000598_0008){#sch3}

The activation of *Sc*OMPDC for catalysis of decarboxylation of EO observed for a wide range of dianions, with intrinsic dianion binding energies Δ*G*^‡^ shown in [Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}, is consistent with a binding locus at *Sc*OMPDC where dianion binding energy is utilized to enhance catalysis at a distant pyrimidine binding locus.^[@ref14],[@ref16]^*Sc*OMPDC also catalyzes decarboxylation of 1-(β-[d]{.smallcaps}-erythrofuranosyl)-5-fluoroorotate (FEO) and of 5-fluoroorotate (FO).^[@ref11]^ Each enzymatic reaction is activated by phosphite dianion (see [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}), and a similar 5 kcal/mol stabilization of the respective reaction transition states by 1.0 M dianion is observed ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}).^[@ref11]^ The transition state for *Sc*OMPDC-catalyzed decarboxylation of FO is stabilized by 5.2, 7.2, and 9.0 kcal/mol, respectively, by 1.0 M phosphite dianion, [d]{.smallcaps}-glycerol 3-phosphate and [d]{.smallcaps}-erythritol 4-phosphate, *so that binding interactions between both the substrate phosphodianion and the ribosyl hydroxyls are utilized to activate ScOMPDC for catalysis.*([@ref11])

![Binding Energies Δ*G*^‡^ for Stabilization of the Transition State for *Sc*OMPDC-Catalyzed Decarboxylation of EO by Different Dianions, Calculated from the Dissociation Constants for Breakdown of Dianion Transition State Complexes^[@ref14],[@ref16]^](ar-2018-000598_0001){#cht1}

![Activation of *Sc*OMPDC-Catalyzed Decarboxylation, Where Δ*G*^‡^ is for Activator Binding to the Transition State for OMDC-Catalyzed Decarboxylation of a Truncated Substrates EO or FO ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"})](ar-2018-000598_0009){#sch4}

III. Enzyme-Activating Conformational Changes {#sec3}
=============================================

[Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"} shows the model that rationalizes the activation of OMPDC for catalysis by interactions with dianions ([Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}) and ribosyl-type hydroxyl groups ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}).^[@ref10],[@ref17],[@ref18]^ OMPDC undergoes a large thermodynamically unfavorable (*K*~C~ ≪ 1, [Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}) conformational change that transforms this enzyme from an inactive, floppy and disordered open form (E~O~) to an active, tight structured substrate cage (E~C~).^[@ref2],[@ref19],[@ref20]^ Activation of OMPDC and other enzymes results when ligand binding gives rise to an increase in the fraction of protein present as E~C~.^[@ref21]^[Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"} shows a substrate-induced fit that was referred to by Koshland, in another context, as an "induced-fit".^[@ref22]^ Koshland's induced fit model was criticized because it did not provide a rational for the evolution of enzymes that exist mainly as inactive E~O~.^[@ref23]^ However, we expect that there should normally be a barrier to conversion of a loose, open, enzyme E~O~ to the tight, closed, caged complexe E~C~, and have proposed that this represents the barriers to extrusion of protein bound waters to bulk solvent; and, to freezing motions at protein loops and catalytic side chains at the structured cage.^[@ref17]^

![Enzyme-Activating, Ligand Driven Conformational Change](ar-2018-000598_0010){#sch5}

X-ray Crystal Structures of E~O~ and E~C~ {#sec3.1}
-----------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} (top structures) shows space filling representations of the unliganded and the 6-hydroxyuridine 5′-monophosphate (BMP) complex to OMPDC from yeast (*Sc*OMPDC). The solvent exposed active site of E~O~ lies between open phosphodianion (Pro-202 to Val-220) and pyrimidine gripper (Ala-151 to Thr-165) loops that are shaded blue. These loops close over BMP at E~C~. The side chain of Arg-235 (shaded green) at the surface of *Sc*OMPDC forms an ion pair to the ligand phosphodianion. The R235A mutation of *Sc*OMPDC results in a 5.8 kcal/mol destabilization of the transition state for *Sc*OMPDC-catalyzed decarboxylation; and, 3.0 kcal/mol of this effect is "rescued" by guanidine cation, which mimics the excised side chain.^[@ref24]^

![Representations of the open (E~O~) and the closed (E~C~) forms of *Sc*OMPDC. Top: Space filling models of open unliganded *Sc*OMPDC (left, PDB entry 1DQW) and the caged complex to BMP (right, 1DQX). The Arg-235 guanidine side chain is shaded green. Middle: Representations of the open (E~O~, left, 3GDK) and closed (E~C~, right, 3GDL) forms of *Sc*OMPDC.^[@ref25]^ The azaUMP ligand is placed at E~O~ at the position determined for E~C~. Bottom: Image that superimposes partial X-ray crystal structures of the OMPDC·BMP complex (PDB entry 1DQX) over the structure for unliganded *Sc*OMPDC (1DQW). The movement of the phosphodianion gripper loop (Pro-202 to Val-220) toward the pyrimidine umbrella (Ala-151 to Thr-165) is shown. Reprinted with permission from ref ([@ref39]). Copyright 2013 American Chemical Society.](ar-2018-000598_0003){#fig1}

The middle structures from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} show the complex between *Sc*OMPDC and 6-aza uridine 5′-monophosphate (azaUMP) on the right, and the structure of unliganded *Sc*OMPDC on the left, in which a hypothetical 6-aza uridine 5′-monophosphate (azaUMP) ligand has been inserted at the position determined for the *Sc*OMPDC·azaUMP complex.^[@ref25]^ The middle structures from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} show that ligand binding is driven by the development of stabilizing interactions between the phosphodianion and the side chains of Arg-235 and Gln-215, and between the ribosyl hydroxyls and the side chains of Asp-96, His-61, Asp-37, and Lys-59. All of these interactions act to stabilize E~C~ relative to E~O~, and activate *Sc*OMPDC for catalysis of decarboxylation of truncated substrates ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}).

The bottom structures from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} show interactions, that arise from the ligand driven conformational change, of the amide side chain of Gln-215 (phosphodianion gripper loop) with the phosphodianion and with the hydroxymethylene side chain of Ser-154 (pyrimidine umbrella). The role of this interloop interaction in catalysis was probed by determining the effects of S154A, Q215A and S154A/Q215A mutations on Δ*G*^‡^ for *Sc*OMPDC-catalyzed decarboxylation of OMP ([Scheme [6](#sch6){ref-type="scheme"}](#sch6){ref-type="scheme"}).^[@ref26]^ The Q215A mutation results in 0.5 and 1.8 kcal/mol increases, respectively, in the barrier for *Sc*OMPDC-catalyzed decarboxylation of EO and OMP that are consistent with an interaction between the amide side chain and the phosphodianion of OMP. The Q215A mutation of wild type *Sc*OMPDC results in a 1.8 kcal/mol destabilization of the decarboxylation transition state, while the same mutation at the S154A mutant results in only a 0.3 kcal/mol change,^[@ref27]^ because the interloop interaction between the side chains of Ser-154 and Gln-215 wild type *Sc*OMPDC ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, bottom) is required to hold the amide side chain in a position to interact with the substrate phosphodianion.

![Effect S154A and Q215A Mutations on the Activation Barrier *G*^‡^ (*k*~cat~/*K*~m~) for Wild Type *Sc*OMPDC-Catalyzed Decarboxylation of OMP](ar-2018-000598_0011){#sch6}

Steric Effects on Cage Formation {#sec3.2}
--------------------------------

Small changes in substrate bulk result in dramatic changes in the barrier to *Sc*OMPDC-catalyzed decarboxylation ([Chart [2](#cht2){ref-type="chart"}](#cht2){ref-type="chart"}). For example, adding a −CH~2~OH group to EO or an −OH group to phosphite dianion results in 8.3 and 4.7 kcal/mol increases, respectively, in the barrier to the dianion-activated decarboxylation; the combined effect of these two substitutions is ca. 13 kcal/mol.^[@ref13],[@ref28]^ These data define an estimated rate constant of 3.4 × 10^--6^ M^--1^ s^--1^ for phosphate dianion activation of *Sc*OMPDC-catalyzed decarboxylation orotidine, which was too small to detect by experiment.^[@ref29]^ Addition of a −CH~2~OH group to EO results in a 3.0 kcal/mol increase in the barrier to unactivated *Sc*OMPDC-catalyzed decarboxylation, while addition of a −PO~3~^--2^ group of orotidine results in a 14.7 kcal/mol reduction in the barrier to decarboxylation that is even larger than the 11.7 kcal/mol effect of addition of a −CH~2~OPO~3~^2^ group to EO ([Chart [2](#cht2){ref-type="chart"}](#cht2){ref-type="chart"}).^[@ref13],[@ref28]^

![Rate Constants and Changes in Activation Barriers ΔΔ*G*^‡^ for *Sc*OMPDC-Catalyzed Decarboxylation of the Substrate Pieces (Top Row) Or the Whole Substrate OMP (Bottom Row)[a](#cht2-fn1){ref-type="p"}](ar-2018-000598_0002){#cht2}

No significant electronic effects are expected by groups distant from the reacting pyrimidine ring; and, only small steric effects are expected by these groups for ligand binding to the open enzyme (E~O~). The results from [Chart [2](#cht2){ref-type="chart"}](#cht2){ref-type="chart"} are consistent with a reaction that proceeds through an extraordinarily crowded and reactive *preorganized* closed protein cage E~C~, where small disruptions of the cage structure result in large increases in the activation barrier for *Sc*OMPDC-catalyzed decarboxylation.^[@ref30],[@ref31]^ The 3.0 kcal/mol larger barrier for unactivated *Sc*OMPDC-catalyzed decarboxylation of orotidine compared to EO is a surprising −CH~2~OH substituent effect, because the larger −CH~2~OPO~3~^2--^ group results in an 11.9 *reduction* in the reaction barrier. Apparently, the binding energy for OMP, orotidine, and EO is utilized for the stabilization of a similar caged protein complexes E~C~, whose stability is perturbed in some way by the −OH group of orotidine.

IV. Reaction Mechanism {#sec4}
======================

The simplest mechanism for OMPDC, direct decarboxylation of OMP to form a vinyl carbanion reaction intermediate, was viewed with skepticism,^[@ref32],[@ref33]^ in part because of the failure to detect OMPDC-catalyzed exchange of deuterium from solvent D~2~O with the C-6 H of UMP to form *d*-UMP ([Scheme [7](#sch7){ref-type="scheme"}](#sch7){ref-type="scheme"}).^[@ref34]^ While the cut of Occam's razor is sometimes ragged, we suspected that the experiments to detect the OMPDC-catalyzed deuterium exchange reaction were inconclusive, due to the use of a low concentration of OMPDC, a too-short reaction time, and a less than optimal pD.^[@ref34]^ This skepticism led to experiments which detected (a) *Sc*OMPDC-catalyzed (0.10--0.30 mM enzyme) exchange for deuterium of the C-6 protons of uridine 5′-monophosphate (UMP) using ^1^H NMR spectroscopy ([Scheme [7](#sch7){ref-type="scheme"}](#sch7){ref-type="scheme"});^[@ref35],[@ref36]^ (b) the faster *Sc*OMPDC deuterium exchange reaction of 5-fluorouridine 5′-monophosphate (F-UMP); and (c) a sharp increase in the reaction velocity as the pD was increased from 7.0 to 9.4.

![Decarboxylation and Deuterium Exchange Reactions Catalyzed by *Sc*OMPDC](ar-2018-000598_0012){#sch7}

The following observations provide strong evidence that the OMPDC-catalyzed decarboxylation and deuterium exchange reactions proceed through a common vinyl carbanion intermediate ([Scheme [7](#sch7){ref-type="scheme"}](#sch7){ref-type="scheme"}).

\(1\) The electron-withdrawing C-5 F pyrimidine substituent shows substantial 4.8 and 3.2 kcal/mol stabilizing interactions, respectively, with the transition states for the wild type *Sc*OMPDC-catalyzed deuterium exchange reaction of FUMP and the Q215A/R235A mutant *Sc*OMPDC-catalyzed decarboxylation reaction of OMP,^[@ref35],[@ref37]^ where chemistry is strongly rate-determining for the decarboxylation reaction. This is consistent with a large buildup of negative charge at C-6 for the two transition states.

\(2\) The transition states for *Sc*OMPDC-catalyzed decarboxylation reactions of EO and FEO ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}) and for the *Sc*OMPDC-catalyzed deuterium exchange reaction of FEU ([Scheme [8](#sch8){ref-type="scheme"}](#sch8){ref-type="scheme"}) are stabilized by 7.8, 5.0, and 5.8 kcal/mol, respectively, by the binding of 1.0 M phosphite dianion.^[@ref13],[@ref28],[@ref38]^ The similar dianion activation of *Sc*OMPDC-catalyzed decarboxylation and deuterium exchange reactions of FEO and FEU, respectively, provides strong evidence that activation is due to the stabilization of a common vinyl carbanion reaction intermediate.

![Phosphite Dianion Activation of the *Sc*OMPDC-Catalyzed Deuterium Exchange Reaction of *h*-FEU](ar-2018-000598_0013){#sch8}

\(3\) The guanidine side chain of Arg-235 forms an ion pair with the C-5′ phosphodianion of substrates bound to *Sc*OMPDC ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, top panel). The R235A mutation of *Sc*OMPDC results in a 5.6 kcal/mol destabilization of the transition states for enzyme-catalyzed decarboxylation of OMP, and a 7.2 kcal/mol destabilization of the transition state for enzyme-catalyzed exchange of the C-6 proton of FUMP ([Scheme [9](#sch9){ref-type="scheme"}](#sch9){ref-type="scheme"}).^[@ref39]^ Guanidine cation, an analog of the arginine side chain, likewise shows a high efficiency for rescue of the lost activity for *Sc*OMPDC-catalyzed decarboxylation and deuterium exchange reactions that result from an R235A mutation.^[@ref24],[@ref39]^

![Stabilizing Interaction between the R235 Side Chain and Transition States for *Sc*OMPDC-Catalyzed Reactions](ar-2018-000598_0014){#sch9}

Stepwise or Concerted Decarboxylation? {#sec4.1}
--------------------------------------

Loss of CO~2~ and the addition of a proton to carbon-6 of OMP may proceed by a stepwise ([Scheme [7](#sch7){ref-type="scheme"}](#sch7){ref-type="scheme"}) or a concerted reaction mechanism, where there is electrophilic push to the loss of CO~2~.^[@ref33]^ The 50:50 yield of *h-*UMP and *d-*UMP products determined for *Sc*OMPDC-catalyzed decarboxylation of OMP in 50:50 (v/v) H~2~O/D~2~O ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} for [Scheme [10](#sch10){ref-type="scheme"}](#sch10){ref-type="scheme"}) gives a PIE = 1.0 for the product deuterium isotope effect, where the PIE is equal to the 1°DKIE on the barrier to formation of the decarboxylation transition state from solvent, OMPDC and OMP.^[@ref40]^ This result provides strong evidence for stepwise decarboxylation, because the increase in bonding to the transferred hydron that occurs on proceeding to the transition state for a concerted reaction mechanism requires the observation of a 1°DKIE of \>1.^[@ref41],[@ref42]^

![Decarboxylation of OMP in 50:50 (v/v) H~2~O/D~2~O To Form *h*-UMP and *d*-UMP](ar-2018-000598_0015){#sch10}

We proposed that the statistical yield of *h-*UMP and *d-*UMP is enforced because the vinyl carbanion intermediate cannot select between protonation by −H and −D from the −CH~2~--NL~3~^+^ group of Lys-93 \[the catalytic acid\], due to restriction of C--N bond rotation by hydrogen bonds to Asp-91 and Asp-96 carboxylate groups, so that *k*~rot~ ≪ *k*~p~ ([Scheme [11](#sch11){ref-type="scheme"}](#sch11){ref-type="scheme"}).^[@ref20]^ A rate constant of *k*~rot~ ≈ 10^4^ s^--1^ was estimated from the approximate value of *k*~rot~ = 10^11^ s^--1^ for unhindered bond rotation,^[@ref43]^ and barriers of ca. 5 kcal/mol to cleavage of each of the hydrogen bonds.^[@ref41]^ Values of PIE = 1.0, also consistent with *k*~rot~ ≪ *k*~p~ ([Scheme [11](#sch11){ref-type="scheme"}](#sch11){ref-type="scheme"}), were determined for *Sc*OMPDC-catalyzed decarboxylation of OMP and FOMP catalyzed by R235A, Y217A, Q215A, S154A, and S154A/Q215A mutant enzymes.^[@ref41]^

![Mechanism for *Sc*OMPDC-Catalyzed Decarboxylation, Which Shows Partitioning of the Vinyl Carbanion Intermediate between Direct Protonation (*k*~--p~), and C--N Bond Rotation of the −CH~2~--NL~3~^+^ Group (*k*~rot~) Followed by Transfer of a Second Hydron (*k*′~--p~)](ar-2018-000598_0016){#sch11}

(*K*~eq~)~enz~ for Deprotonation of Enzyme-Bound UMP and FUMP {#sec4.2}
-------------------------------------------------------------

The equilibrium constants (*K*~eq~)~enz~ = (*k*~--p~/*k*~p~) for formation of vinyl carbanions generated by deprotonation of UMP or FUMP at the active site of *Sc*OMPDC were estimated from the values of (*k*~ex~)~max~ for *Sc*OMPDC-catalyzed deuterium exchange ([eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, *k*~rot~ ≪ *k*~p~, [Scheme [12](#sch12){ref-type="scheme"}](#sch12){ref-type="scheme"}), and using the above value of *k*~rot~ ≈ 10^4^ s^--1^ ([eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}). The values of (*k*~ex~)~max~ = 1.2 × 10^--5^ and 0.041 s^--1^ that were determined for deuterium exchange into enzyme-bound UMP and FUMP, respectively, were substituted into [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} to give equilibrium constants for proton transfer of (*K*~eq~)~enz~ = 1.2 × 10^--9^ and 4.1 × 10^--6^, respectively. By comparison, the equilibrium constants for proton transfer from C-6 of UMP and F-UMP to a primary amine base of p*K*~RNH~3~~ = 7 *in water* were estimated to be (*K*~eq~)~aq~ = 2 × 10^--22^ and 8 × 10^--19^, respectively, for UMP and FUMP. We concluded that the binding of UMP or FUMP to *Sc*OMPDC results in a ca. 17 kcal/mol stabilization of the enzyme bound vinyl carbanions by interaction with the protein catalyst, which corresponds to a 12 unit decrease in the p*K*~a~ for the enzyme-bound carbon acid. This is a substantial fraction of the total 31 kcal/mol stabilization of the transition state for *Sc*OMPDC-catalyzed decarboxylation, but falls short of accounting for the whole rate acceleration.^[@ref35]^

![Reversible *Sc*OMPDC-Catalyzed Deprotonation of UMP or FUMP Followed C--N Bond Rotation of the −CH~2~--NL~3~^+^ Group That Leads to Exchange of the C-6 Hydrogen for Deuterium](ar-2018-000598_0017){#sch12}

V. Utilization of Intrinsic Dianion Binding Energy {#sec5}
==================================================

We examined the activation of *Sc*OMPDC from protein-dianion interactions by preparing all combinations of single, double, and triple mutations of the protein side chains that interact with the phosphodianion \[[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}; Arg-235 (R235A), Gln-215 (Q215A), and Tyr-217 (Y217F)\], and characterizing their effect on enzyme activity.^[@ref21]^ The results of these studies show the following.

![Contribution of *Sc*OMPDC gripper side chains to the intrinsic phosphodianion binding energy ([eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}) utilized for stabilization of the transition state for OMPDC-catalyzed decarboxylation.^[@ref12]^](ar-2018-000598_0004){#fig2}

\(1\) The effect of single Q215A, Y217F, and R235A mutations on the intrinsic dianion binding energy (Δ*G*^‡^)~Pi~ was calculated from their effect on the ratio of the second-order rate constants for *Sc*OMPDC-catalyzed reactions of whole and truncated substrates ([eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows that these interactions account for (6 + 2 + 2) = 10 of the total 12 kcal/mol dianion binding energy. The remaining 2 kcal/mol of the dianion binding was attributed to hydrogen bonds to the backbone amides of Gly-234 and Arg-235.

\(2\) The mutant cube ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) summarizes the effects of mutations of Q215, Y217, and R235 on (Δ*G*^‡^)~OMP~ for *Sc*OMPDC-catalyzed decarboxylation of OMP. This cube shows that the effect of a point mutation of residue X on (ΔΔ*G*~X~)~OMP~ is approximately the same when the mutation is carried out at wild type *Sc*OMPDC, singly mutated or doubly mutated forms of *Sc*OMPDC.^[@ref21]^ We concluded that mutations of these phosphodianion gripper side chains do not severely affect the functioning of the remaining side chains, and that there are only small interactions between the individual side chains.

![Triple mutant cube that summarizes the effects (ΔΔ*G*^‡^)~OMP~, in kcal/mol, of single amino acid mutations on (Δ*G*^‡^)~OMP~ for the decarboxylation of OMP catalyzed by wild type *Sc*OMPDC (black values), by single mutants of *Sc*OMPDC (red values) and by double mutants of *Sc*OMPDC (green values).](ar-2018-000598_0005){#fig3}

\(3\) The Q215A, Y217F, and R235A ([Scheme [9](#sch9){ref-type="scheme"}](#sch9){ref-type="scheme"}) mutations result in ≤2.4-fold decreases in *k*~cat~/*K*~m~ for decarboxylation of (EO), while the Q215A/Y217F/R235A triple mutation results in only a 9-fold decrease in this kinetic parameter. Essentially the entire effect of these mutations is expressed as a decrease in the third-order rate constant for activation of the decarboxylation of EO by phosphite dianion, and this falloff in activity was so sharp that no dianion activation was detected for the reactions catalyzed by the Q215A/R235A, Y217F/R235A, and Q215A/Y217F/R235A mutants.^[@ref27]^ These results show that the dianion binding interactions with Gln-215, Tyr-217, and Arg-235 serve the exclusive function of activating OMPDC for catalysis at the pyrimidine binding site.

\(4\) There is a striking linear logarithmic correlation, with slope of 1.0, between the second and third order rate constants (*k*~cat~/*K*~m~)~OMP~ and *k*~cat~/*K*~HPi~*K*~EO~, respectively, for *Sc*OMPDC-catalyzed decarboxylation of OMP and for dianion activation of OMPDC-catalyzed decarboxylation of EO ([Scheme [13](#sch13){ref-type="scheme"}](#sch13){ref-type="scheme"}).^[@ref21]^ This correlation shows that these two OMPDC-catalyzed reactions proceed through similar transition states that show similar interactions with dianion gripper side chains. The results are simply rationalized by a model in which phosphodianion binding interactions serve the sole function of locking *Sc*OMPDC into a reactive closed conformation ([Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}), so that these dianions are essentially spectators at the transition states for OMPDC-catalyzed decarboxylation.^[@ref21]^

![OMPDC-Catalyzed Reactions of the Whole Substrate OMP and the Pieces EO + HP~i~](ar-2018-000598_0018){#sch13}

VI. Other Issues {#sec6}
================

Structural Heterogeneity of Dianion Gripper Loops {#sec6.1}
-------------------------------------------------

OMPDCs from different organisms show an overall high degree of catalytic structural homology, except for their phosphate gripper loops.^[@ref44]^ The loops for OMPDC from yeast (*Sc*OMPDC) and from *Escherichia coli* (*Ec*OMPDC) both extend 19 residues, from Pro-202 to Val-220 for *Sc*OMPDC^[@ref20]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), and from Pro-189 to Pro-207 for EcOMPDC,^[@ref45],[@ref46]^ while the corresponding loop of OMPDC from the thermophile *Methanothermobacter thermautotrophicus* (*Mt*OMPDC) extends only 9 residues, from Pro-180 to Asp-188 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref47]^ Each enzyme shows strong activation for catalysis of decarboxylation of EO by the binding of phosphite dianion. The activation parameters Δ*H*^‡^ and Δ*S*^‡^ determined for *k*~cat~ for decarboxylation of OMP are 3.6 kcal/mol and 10 cal/K/mol more positive, respectively, for *Mt*OMPDC than for *Sc*OMPDC.^[@ref44]^ This shows that *Sc*OMPDC, which functions at relatively low temperatures, obtains the benefits of enthalpic transition state stabilization available from extensive loop--substrate interactions. By contrast, *Mt*OMPDC functions at higher temperatures and has sacrificed enthalpic transition state stabilization from a large loop, for a smaller loop that shows a reduced entropic requirement for immobilization at the protein.^[@ref44]^

Ground-State Effects {#sec6.2}
--------------------

There is evidence that protein--ligand interactions introduce strain into the bound substrate, that is relieved at the decarboxylation transition state.^[@ref47]^ (1) The binding of OMP to inactive mutants of OMPDC results in a ca. 40° movement of the carboxylate group at C-6 of OMP out of the plane of the pyrimidine ring.^[@ref48]^ (2) The results from studies on the effect of a D70N mutation of *Mt*OMPDC on the kinetic parameters for enzyme-catalyzed decarboxylation and deuterium exchange reactions are consistent with modest destabilization of the Michaelis complex by interactions between the substrate carboxylate and the carboxylate from Asp-70 of *Mt*OMPDC.^[@ref25]^

Large rate enhancements for decarboxylation are observed upon transfer of substrates, such as 1-methylorotate, from water to organic solvents.^[@ref49]^ This has been attributed to the creation of electrostatic stress at the carboxylate in the organic solvent, that is relieved at the decarboxylation transition state. The pyrimidine ring of FUMP bound to *Sc*OMPDC is "sandwiched" between the hydrophobic side chains of Pro-202 and Ile-318′ of the second subunit, while the fluorine of FUMP projects into a hydrophobic pocket lined by the side chains of Leu-150, Leu-153, and Ile-183 at *Sc*OMPDC.^[@ref35]^ It is not clear that these hydrophobic side-chains create electrostatic stress at OMP; and, we note that the substrate carboxylate lies close to the cationic side chain of Lys-93 ([Scheme [12](#sch12){ref-type="scheme"}](#sch12){ref-type="scheme"}), so that the binding energy of OMP is ca. 3 kcal/mol larger than for UMP.^[@ref50]^ We have proposed that the late transition state for *Sc*OMPDC-catalyzed decarboxylation of OMP is stabilized by the development of stabilizing interactions between the departing CO~2~ and these hydrophobic protein side chains.^[@ref35]^

VII. Summary and Conclusions {#sec7}
============================

The controversy about the origin of the rate acceleration for OMPDC was partly due to the lack of protocol to evaluate the 31 kcal/mol intrinsic substrate binding energy.^[@ref12]^ We have shown that interactions between *Sc*OMPDC and the substrate ribosyl ring and phosphodianion are responsible for ca. 22 kcal/mol of this binding energy ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). These interactions activate *Sc*OMPDC for catalysis of decarboxylation, where the activation is accomplished through the utilization of substrate binding energy to drive an extensive change in protein conformation, from an open and loose structure that shows relatively weak interactions with the substrate, to a tight protein cage that shows strong interactions with the transition state. The utilization of binding interactions for the creation of tight and catalytically active protein cages from floppy open forms is a widespread phenomenon, that provides a general and underappreciated mechanism to obtain specificity in transition state binding.^[@ref10],[@ref17]^

The correlation between the magnitude of rate enhancements for enzymes that catalyze deprotonation of carbon, and the complexity of conformational changes of the open enzymes that trap their substrates in a protein cage,^[@ref2]^ extends to *Sc*OMPDC-catalyzed decarboxylation and deuterium exchange reactions. These large rate accelerations are enabled by the expansive protein conformational change illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, which places the pyrimidine ring of OMP in a structured protein cage, where the barrier to decarboxylation is lower than in water. The mechanism for the reduction in activation barrier has been modeled in computational studies,^[@ref47],[@ref51],[@ref52]^ but is still not entirely understood and will be the focus of our future work on OMPDC. Finally, we emphasize that this Account does not do justice to the complexity of the ligand-driven conformational change, in part because a full description of this change in protein structure is beyond the capabilities of the simple chemists in our group. We are not so simple as to fail to grasp the tremendous potential for protein engineers to contribute to our understanding of the mechanisms for protein catalysis, through modeling related conformational changes in designing catalytically active proteins.
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